We have investigated the electronic, structural, and charge injection properties of interfaces formed between three electroactive conjugated organic materials, i.e., N,N'-bis-(1-naphthyl)-N,N'-diphenyl1-1,1-biphenyl1-4,4'-diamine (α-NPD), pentacene, p-sexiphenyl, and two high work function electrode materials, i.e., gold and the conducting polymer poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT:PSS). Ultraviolet photoelectron spectroscopy shows that the hole injection barrier between the three organic materials and PEDOT:PSS is lower by 0.6-1.0 eV as compared to Au, despite a similar work function of the pristine electrode material surfaces (ca. 5 eV). This very large difference is due to an effective change of the metal work function due to the deposition of organic molecules, i.e., a decrease of the Au surface dipole due to adsorption. Accordingly, model device structures built from α-NPD and pentacene on the two different electrode materials show much higher current densities for hole injection from PEDOT:PSS than from Au. Hole injection from Au for α-NPD devices is independent of deposition sequence and substrate. Pentacene devices exhibit significant asymmetries in that respect, due to a strong dependence of the morphology and preferred molecular orientation of the crystalline material on the substrate, as shown by atomic force microscopy and X-ray diffraction. Consequently, great care must be taken when modeling current-voltage characteristics of devices comprised of crystalline organic solids, especially when the influence of film thickness or different substrate materials is to be studied.
INTRODUCTION
The electronic structure of most metal-organic molecular semiconductor interfaces investigated so far departs from the simple Schottky-Mott limit and exhibits a substantial (~0.5-1.0 eV) interface dipole barrier [1, 2] . Recent experimental and theoretical studies have suggested that a significant fraction of the interface dipole barrier at organic-on-metal interfaces corresponds to a lowering of the metal work function (φ) by the adsorbed molecules [3, 4] . Indeed, the work function of a metal is comprised of both bulk and surface-dipole contributions [4, 5] , the latter corresponding to the tail of electrons spilling out from the metal surface into the vacuum. This surface-dipole contribution is substantially modified by the presence of an adsorbate. In the case of large adsorbates, such as conjugated organic molecules, the repulsion between the molecule electrons and the metal surface electrons leads to a compression of the electron tail leading to a lowering of the metal work function. The consequence of this systematic lowering of the metal φ is a downward shift of the molecular energy levels and an increase in the energy difference between the metal Fermi level (E F ) and the highest occupied molecular orbital (HOMO) of the organic film. The hole injection barrier is therefore systematically increased with respect to a vacuum level alignment situation, with the unfortunate consequence of a significant reduction in current injection performance. In the present study, we report hole injection barriers measured directly with ultraviolet photoemission spectroscopy (UPS) at interfaces between three organic molecular materials and two high work function electrode materials (Au and PEDT:PSS). The three organic materials are N,N'-bis-(1-naphthyl)-N,N'-diphenyl1-1,1-biphenyl1-4,4'-diamine (α-NPD), used as hole transport layer in organic light emitting devices [6] , pentacene, used as active material in fieldeffect thin film transistors [7, 8] , and para-sexiphenyl (6P), which can be employed in both types of devices [9] [10] [11] . An important aspect of the work on interfaces is the verification that electronic structure derived from surface/interface spectroscopy actually translates into device behavior. In this paper, we demonstrate that the lowering of the hole injection barriers when PEDOT:PSS is used instead of Au is directly manifested in current voltage characteristics I(V) of model holeonly devices. While I(V)-data obtained for amorphous films of α-NPD on both types of substrate, Au and the polymer, are consistent with expectations, data for crystalline pentacene on the two substrates films exhibit significant divergence. An atomic force microscopy (AFM) study of the organic films reveals pronounced differences in film morphology and, together with X-ray diffraction (XRD) measurements, molecular preferred orientation, which accounts for the observed variations in I(V) curves.
EXPERIMENTAL DETAILS
Sample preparation, UPS measurements, and I(V)-characterization were made in ultrahigh vacuum (UHV) systems comprising interconnected preparation and analysis chambers at Princeton University, or on beamline E1 [12] (FLIPPER II) at HASYLAB, Hamburg (Germany). The metal substrates consisted of in situ sputtered thin films of polycrystalline gold deposited on silicon wafers pre-coated with a thin layer of chromium. Thin films of PEDOT:PSS (Baytron ® P AI4083; H. C. Starck GmbH) were spin-coated ex situ onto cleaned ITO covered glass slides and annealed in ambient atmosphere at 150°C. They were subsequently transferred into the UHV system. The organic materials were evaporated in steps in the preparation chambers from resistively heated pinhole-sources, at a pressure lower than 4×10 -9 mbar. The thickness of each film was monitored with a quartz microbalance placed next to the substrates. The work function of the samples was determined by applying a negative bias to the sample to clear the detector work function and recording the secondary electron cutoff [13] . A shadow mask with arrays of holes was used to prepare the top Au contacts. I(V) curves were measured in situ with a Semiconductor Parameter Analyzer 4155B (Hewlett Packard). Two types of devices were prepared with each organic material: type I with the structure (bottom to top) ITO/(PEDOT:PSS)/organic(150 nm)/Au(45 nm), and type II with ITO/(PEDOT:PSS)/Au(80 nm)/organic(150 nm)/Au(45 nm). After bringing the samples to air, morphology analysis was performed with a Multimode AFM (Digital Instruments) operated in TappingMode. Subsequently, XRD measurements were performed at the National Synchrotron Light Source (NSLS) at the EXXON beamline X10B.
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DISCUSSION Energy Level Alignment
The injection barriers for holes (φ h ) from the Au or polymer substrate into the organic material, which is the energy difference between E F and the low binding energy onset of the HOMO, were measured with UPS. All the φ h determined for PEDOT:PSS are significantly lower than for Au, in spite of very similar initial electrode φ of ca. 5 eV: 0.4 eV vs. 1.4 eV for α-NPD, 0.75 eV vs. 1.8 eV for 6P, and 0.25 eV vs. 0.85 eV for pentacene. Details of these measurements can be found in Ref. [14] .
Current-Voltage Characteristics
The I(V) curves obtained in situ for devices made with α-NPD are shown in Fig. 1(a) . The curves correspond to holes injected from the bottom PEDOT:PSS or top Au electrode in a type I device, or from the bottom Au or top Au electrode in a type II device. The key result is the difference of several orders of magnitude in hole current density (j) injected from PEDOT:PSS vs. the Au electrodes. This difference can be directly linked to the 1 eV lowering of the hole barrier at the α-NPD interface with PEDOT:PSS as compared to Au. The I(V) curves for the α-NPD type II show virtually identical hole injection from top and bottom Au contacts, demonstrating that there is no asymmetry in the I(V) characteristics for contacts made by evaporation of Au onto the α-NPD film or by evaporation of the organic onto a Au surface. Note that these I(V) curves are also nearly identical to those obtained for hole injection from the top Au-contact in type I devices. The I(V) curves obtained for the similar series of devices made with pentacene are shown in Fig.  1(b) . The hole current injected from PEDOT:PSS is higher by more than two orders of magnitude than that injected from the top Au contact in type I devices. As above, the more efficient hole injection from PEDOT/PSS can be attributed to the smaller injection barrier (by 0.6 eV) [14] . However, in contrast to the α-NPD case, type II devices made from pentacene exhibit a pronounced asymmetry for hole injection from bottom vs. top Au contact. This behavior is, at first glance, inconsistent with a simple change in organic materials. However, it is explained by considering the different structural nature of the two materials: vacuum evaporated α-NPD films are amorphous, whereas pentacene films are (poly)crystalline.
Morphology and Structure
AFM analysis of 150 nm thick α-NPD films evaporated on PEDOT:PSS and on Au has shown that the maximum corrugation of both films (< 10 nm) is small compared to the nominal film thickness (< 7 %) [15] . Thus the I(V) curves obtained for hole injection from Au are identical for type I and II devices. AFM micrographs from 6.4 nm and 150 nm thick pentacene films on PEDOT:PSS are shown in Fig. 2 (a) and (b) , respectively. We observe that the morphologies are very similar to that of pentacene films grown on silicon oxide [8, 16] , with nearly µm-size pyramid-like islands with monomolecular steps of ca. 1.4 nm. The corrugation of the thick pentacene films is almost as large as the nominal thickness. An entirely different morphology was observed for pentacene films deposited on Au [ Fig. 2 (c) ]. Only needle-like crystallites ca. 100 nm wide, several hundred nm long and, with random orientation are observed. The surface corrugation is here again of the same order of magnitude as the nominal film thickness. Consequently, the I(V) curves of Fig. 1(b) are by no means representative for 150 nm thick pentacene films, but are a superposition of curves from many locally different thicknesses across a device, the lower limit being probably as thin as a few monolayers. Furthermore, the difference in morphology and preferred molecular orientation of pentacene on the two different substrates (PEDOT:PSS vs. Au) leads to the discrepancies seen in the I(V) characteristics for hole injection from Au in type I and type II devices (Fig. 1(b) ). An investigation of the pentacene thin film structure was performed using XRD. Curve (a) from the substrate is featureless, except for the peak at q z ca. 2.1 Å -1 , which stems from the ITO. 150 nm pentacene on polycrystalline Au lead to two additional features near q z of 2 Å -1 . These are attributed to a lying-down phase of pentacene, similar to the observations made for pentacene on Ag(111) [17] . As already indicated by AFM analysis, the structure of pentacene on PEDOT:PSS is very similar to the one found on SiO 2 . Curve (c) exhibits the characteristic {00l} reflections obtained for the pentacene thin film phase (at 0.4, 0.8, 1.2, and 1.6 Å -1 ), and the shoulders at higher q z from the bulk phase [18] . Additional features at q z of 1.4 and 1.7 Å -1 can be attributed to another lying-down phase of pentacene. Detailed studies to identify the exact orientation of these phases are currently being pursued.
CONCLUSIONS
We have shown with in situ I(V) measurements that PEDOT:PSS can serve as a superior hole injection electrode in organic devices due to a systematically lower hole injection barrier compared to Au. However, the interpretation of I(V) data from devices made with crystalline materials, such as pentacene, may become impracticable due to a strong dependence of thin film properties on the substrate used. A simultaneous variation of typical crystallite size, density of grain boundaries, fraction of thinner film areas, and preferred molecular orientation when switching from PEDOT:PSS to Au as substrate makes it virtually impossible to differentiate the influence of these individual parameters on device behavior.
